[1] The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) on board the Canadian SCISAT-1 satellite (launched in August 2003) measures over 30 different atmospheric species, including six nitrogen trace gases that are needed to quantify the stratospheric NO y budget. We combine volume mixing ratio (VMR) profiles for NO, NO 2 , HNO 3 , N 2 O 5 , ClONO 2 , and HNO 4 to determine a zonally averaged NO y climatology on monthly and 3 month combined means (December-February, March-May, June-August, and September-November) at 5°latitude spacing and on 33 pressure surfaces. Peak NO y VMR concentrations (15-20 ppbv) are situated at about 3 hPa (∼40 km) in the tropics, while they are typically lower at about 10 hPa (∼30 km) in the midlatitudes. Mean NO y VMRs are similar in both the northern and southern polar regions, with the exception of large enhancements periodically observed in the upper stratosphere and lower mesosphere. These are primarily due to enhancements of NO due to energetic particle precipitation and downward transport. Other features in the NO y budget are related to descent in the polar vortex, heterogeneous chemistry, and denitrification processes.
Introduction
[2] Total reactive nitrogen, known as NO y , consists of active nitrogen, NO x (NO and NO 2 ), and all oxidized nitrogen species, including NO 3 , HNO 3 , N 2 O 5 , ClONO 2 , BrONO 2 , and HNO 4 . NO x plays an important role in the atmosphere as it is involved in reactions involving hydrogen and halogen species, in particular the catalytic cycles that are responsible for stratospheric ozone loss (in addition to other reactions involving hydrogen, and halogen species). NO y makes the largest contribution to ozone depletion in the middle stratosphere through the NO x cycle [Wennberg et al., 1994 [3] Increases in NO y concentrations in the stratosphere are expected due to increasing tropospheric N 2 O, which has an estimated atmospheric lifetime of 114 years [Montzka et al., 2003] . The primary source for stratospheric NO y is oxidation of N 2 O transported from the troposphere in the tropics to the lower stratosphere [McElroy and McConnell, 1971; Crutzen, 1971; Minschwaner et al., 1993; Volk et al., 1997; McLinden et al., 2003; Morgan et al., 2004] . Because NO y is formed at the expense of N 2 O, an anticorrelation is to be expected between NO y and N 2 O [Fahey et al., 1990] . N 2 O has been rising approximately linearly at a rate of 0.26% per year for the past few decades [Forster et al., 2007] , mainly due to enhanced microbial production from agricultural expansion. N 2 O has been reported to be the single most important ozonedepleting emission and is expected to remain so during the 21st century [Ravishankara et al., 2009] . The World Meteorological Organization suggested that observed N 2 O increases and ozone decreases explained a trend in the NO 2 total column of 5 ± 1% per decade [World Meteorological Organization (WMO), 2003] . Additionally, the WMO estimated a linear increase of NO 2 of 6.2 ± 1.8% per decade (AM) and 5.7 ± 1.1% per decade (PM) at Lauder, New Zealand (45°S) using UV-visible absorption spectroscopy from late 1980 to early 2006 [WMO, 2007] , which is not significantly different from the 5% per decade (significant to two sigma) reported by Liley et al. [2000] . A linear trend of 1.5 ± 1.0% per decade has been found using measurements starting in 1985 of NO 2 total columns at Jungfraujoch (47°N) and applying the same algorithm used at Lauder [WMO, 2007] . The Stratospheric Aerosol and Gas Experiment (SAGE) II measurements of NO 2 also show a large hemispheric asymmetry [Cunnold et al., 1991] . The available measurements have suggested that the trend of NO 2 in the southern hemisphere is significantly larger than that of the northern hemisphere [WMO, 2007] . This apparent hemispheric difference remains unexplained at the time of writing.
[4] The primary loss mechanism for NO y in the upper stratosphere and lower mesosphere is the destruction of NO through the reactions ]
[5] The loss of stratospheric NO y occurs via transport into the troposphere and through reactions (1) and (2). The photolysis of NO only occurs above 40 km and can be very fast in the summer upper mesosphere, but significantly slower during other seasons or at lower latitudes. The photochemical life time of NO is months at the stratopause, while decades in the lower stratosphere [Nevison et al., 1997] , both of which are longer than or comparable to the typical transport time scales in the lower stratosphere. NO y is dominated by transport processes in the lower stratosphere, and photochemical reactions are enhanced with increasing altitude. In the upper stratosphere, photochemical reactions control NO y abundances [Nevison et al., 1997] .
[6] A decrease in the concentration of NO y may result from lower temperatures in the lower polar stratosphere during winter, which can lead to the formation of solid HNO 3 in or on polar stratospheric clouds (PSCs) as well as sedimentation of larger particles [e.g., McLinden et al., 2001] . This results in the removal of NO y through heterogeneous chemistry; a process named denitrification. Enhancements of NO y have been observed because of renitrification whereby the particles evaporate at lower altitudes [Kleinböhl et al., 2005; Dibb et al., 2006] . Additionally, stratospheric NO y concentrations may be disturbed by aircraft [Thompson et al., 1996; Schumann, 1997; Schumann et al., 2001; Grewe et al., 2002a Grewe et al., , 2002b . The study of the impact of NO x emissions by Lee et al. [1997] during the early 1990s showed that approximately 2% of total NO x emissions are from aircraft. Recent simulations from 3-D chemical transport models including both civil and military aircraft emissions, yield increases of zonal mean NO y between 156 pptv (August) and 322 pptv (May) in the northern hemisphere tropopause region [Gauss et al., 2006] .
[7] The partitioning of NO y depends on latitude, season, and time of day. Figure 1 shows profiles of average NO y and the main contributing trace gas profiles in six different latitude bands: 60°N-90°N, 30°N-60°N, 30°N-30°S, 30°S-60°S, 60°S-90°S, and 90°S-90°N, using a photochemical box model [McLinden et al., 2000; Brohede et al., 2008] during AM and PM both at a solar zenith angle of 90 degrees.
NO is the dominant NO y species at typically 35 km and above, while peak values of NO 2 and N 2 O 5 (during AM) are at a maximum and of similar magnitude between ∼30-35 km. NO x is dominant at higher altitudes in part due to the increase in the rate of photolytic conversion of HNO 3 to NO x with increasing altitude. Hence, HNO 3 is the dominant reactive nitrogen component below 30 km. Although N 2 O 5 , HNO 4 , and ClONO 2 have relatively small mixing ratios in the lower stratosphere, they play a very important role in ozone depletion.
[8] Another source of stratospheric NO y is from energetic particle (proton and electron) precipitation. These particles penetrate into the Earth's middle atmosphere in the polar regions, where they produce NO x by dissociation of molecular nitrogen [Funke et al., , 2008a [Funke et al., , 2008b López-Puertas et al., 2005a; Randall et al., 2006 Randall et al., , 2007 . Enhancement of N 2 O is also reported from auroral energetic electron precipitation in the mesospheric polar night [Semeniuk et al., 2008] . Ground state and excited state nitrogen atoms are produced when the energetic charged particles collide, dissociating N 2 [Porter et al., 1976] . NO y constituents, such as NO, can be produced by ground state [N( 4 S)] nitrogen atoms through the following reaction:
or NO can be destroyed through
[9] However, NO y is produced in the form of NO by excited states of atomic nitrogen, such as N( 2 D), through [Rusch et al., 1981; Rees, 1989; Jackman et al., 2005a] 
which competes with the quenching reaction [Vitt et al., 2000 ]
[10] According to Vitt et al. [2000] , this source represents about 1-2.5% of the total stratospheric NO y . A modeling study by Rozanov et al. [2005] produced an increase of reactive nitrogen by about 2 ppbv in the middle stratosphere over tropical and middle latitudes when energetic particle precipitation was included, while in the upper stratosphere over polar regions the simulated NO y enhancement reached ∼10 ppbv. The large solar storms in October/November in 2003 caused very large proton fluxes which generated substantial amounts of NO x , while other NO y constituents including HNO 3 [Orsolini et al., 2005; López-Puertas et al., 2005b] and N 2 O 5 and ClONO 2 [López-Puertas et al., 2005b] were enhanced at the same time. Funke et al. [2005a] found that downward transport of upper atmospheric NO x into the polar stratosphere explains ∼9% of the NO y source in the southern hemisphere polar vortex during May to August in 2003 (measured by the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS)). More recent research by Randall et al. [2007] shows that the largest energetic particle precipitation indirect effect (enhancement of NO x in the stratosphere by descent of NO x from the thermosphere) occurred in 1994 and 2003, contributing up to ∼10% of the northern hemispheric NO y . Reddmann et al. [2010] found similar enhancements in a recent modeling study.
[11] There are many models used to simulate NO y abundances in the stratosphere [e.g., Brasseur and Remsberg, 1999; Brühl et al., 2007] . However, evaluation of these models is difficult due to the lack of global long-term NO y observations. In order to address this problem, we here construct a global stratospheric NO y climatology using simultaneous measurements of major NO y species made by the Atmospheric Chemistry Experiment (ACE), providing a new data set that can be used to test and assess atmospheric models. As ACE uses solar occultation, this data set is based on measurements made during sunrise and sunset.
Previous NO y Measurements
[12] Estimation of global stratospheric NO y concentrations requires simultaneous spaceborne measurements of the six major NO y constituents: NO, NO 2 , HNO 3 , HNO 4 , N 2 O 5 , ClONO 2 . These "big six" account for typically 96-99% of NO y throughout much of the lower stratosphere, while nearer to 100% above 40 km (as we will not be accounting for all NO y species, we will use NO* y as the notation for the NO y climatology). This can be seen by examining Figure 2 , where NO* y AM and PM fractions for six different latitude bands (60°N-90°N, 30°N-60°N, 30°N -30°S, 30°S-60°S, 60°S-90°S, and 90°S-90°N) have been synthesized by combining the main six species, using the same photochemical box model that produced the results in Figure 1 .
[13] However, most satellite instruments measure only a few of the required species, which in some cases have been used to derive NO y estimates. Table 1 provides a summary of all spaceborne measurements of NO y species. The first estimates of NO y species were made by using nighttime measurements of LIMS HNO 3 and NO 2 (see Table 1 for definition of all instrument and satellite acronyms). The ATMOS instrument, flown on four space shuttle missions (first on Spacelab-3 in 1985 and subsequently on ATLAS 1, 2, and 3 in 1992 ATLAS 1, 2, and 3 in , 1993 ATLAS 1, 2, and 3 in , and 1994 was the first instrument to measure all major NO y species (NO, NO 2 , HNO 3 , N 2 O 5 , ClONO 2 , and HNO 4 ) from space [Russell et al., 1988; Abrams et al., 1996; Gunson et al., 1996; Zander et al., 1986; Rinsland et al., 1994 Rinsland et al., , 1985 Rinsland et al., , 1996 Zander et al., 1996] .
[14] Five of the main six NO y species (all apart from HNO 4 ) were also observed by CLAES on UARS between October 1991 and May 1993 [Roche et al., 1993; Mergenthaler et al., 1996; Kumer et al., 1996a Kumer et al., , 1996b , although NO retrievals were only available during the daytime. Although CLAES could make global measurements, there were limitations in that N 2 O 5 retrievals below 3.16 hPa suffered from aerosol contamination, while also suffering from a lack of signal to noise and possible instrument effect above 1.47 hPa. Thus, only data for three pressure surfaces are recommended for use [Kumer et al., 1996b] . A UARS pseudo-NO y climatology was created by combining NO and NO 2 measurements from HALOE with HNO 3 and ClONO 2 measurements from CLAES [Danilin et al., 1999] , although data are perturbed by the Mount Pinatubo eruption in 1991.
[15] MIPAS on Envisat was the first instrument to measure all six major NO y species [Brühl et al., 2007; Fischer et al., 2008; von Clarmann et al., 2009] as well as BrONO 2 [Höpfner et al., 2007] and it continues to operate. NO y from MIPAS during the southern hemisphere polar vortex split in September/October 2002, was used for the study of an NO y deficit and partitioning [Mengistu Tsidu et al., 2005] . NO x is retrieved from MIPAS using a non-LTE (Local Thermodynamic Equilibrium) algorithm .
[16] Recently, a stratospheric proxy NO y climatology was constructed by combining five years of Odin observations of NO 2 from OSIRIS and HNO 3 from SMR with the photochemical box model used in Figure 1 [Brohede et al., 2008] . Several merging techniques were used to derive the NO y proxy climatology. The most appropriate merging technique used OSIRIS NO 2 to estimate NO and a weighted average of SMR HNO 3 and OSIRIS NO 2 to estimate N 2 O 5 and ClONO 2 . This survey makes apparent the lack of a global atmospheric NO y climatology based on simultaneous measurements of all major NO y species. This motivates the current study, which provides a more complete and up-todate version of a NO y climatology to help better understand the stratospheric nitrogen budget.
[17] The Atmospheric Chemistry Experiment (ACE) is built on the heritage of a number of previous solar occultation missions, particularly ATMOS. In addition, SAGE I , SAGE II [Mauldin et al., 1985] , SAGE III [SAGE ATBD Team, 2002] , POAM II [Glaccum et al., 1996] and POAM III [Lucke et al., 1999; Randall et al., 2002] , all used UV-visible solar occultation to measure NO 2 . ILAS I and II used infrared solar occultation to measure NO 2 , HNO 3 , ClONO 2 , and N 2 O 5 [Sasano et al., 1999; Koike et al., 2000; Irie et al., 2006; Nakajima et al., 2006; Wetzel et al., 2006] . With the exception of ACE-FTS, currently there are only two other occultation instruments working in orbit that measure NO y constituents: SCIAMACHY (NO, NO 2 ), which uses solar occultation [Bovensmann et al., 1999] , and GOMOS (NO 2 ), using a stellar occultation technique [Kyrölä et al., 2004] .
[18] It should be noted that NO y measurements have also been made using ground-based and airborne instruments.
These include using in situ methods for measuring total NO y [e.g., Bollinger et al., 1983; Fahey et al., 1985 Fahey et al., , 1989 Weinheimer et al., 1993 Weinheimer et al., , 1994 Kondo et al., 1996; Schlager et al., 1997; Ziereis et al., 2000] and using remote sensing Mergenthaler et al. [1996] ; 26, ; 27, ; 28, Irion et al. [2002] ; 29, Bingham et al. [1997]; 30, Offermann et al. [1999] ; 31, Riese et al. [1999] ; 32, Kumer et al. [1996a Kumer et al. [ , 1996b Rinsland et al. [1994 Rinsland et al. [ , 1985 Rinsland et al. [ , 1996 techniques to derive NO y [e.g., Evans et al., 1977; Murcray et al., 1987; Webster et al., 1990; Chance et al., 1996; Sen et al., 1998 ]. These measurements are localized in space and time (e.g., taken from a specific location or along a given flight path during a campaign) and thus do not provide the global stratospheric and upper tropospheric coverage provided from satellites.
ACE-FTS Measurements of NO y
[19] ACE, also known as the scientific satellite SCISAT-1, was launched on 12 August 2003 and carries two instruments, the Fourier transform spectrometer (ACE-FTS) , and the Measurement of Aerosol Extinction in the Stratosphere and Troposphere Retrieved by Occultation (ACE-MAESTRO) [McElroy et al., 2007] . Both instruments record solar occultation spectra, ACE-FTS in the infrared and ACE-MAESTRO in the UV-VIS-near-infrared. The primary objective of the ACE mission is to understand the chemical and dynamical processes that are related to ozone depletion in the stratosphere and upper troposphere, particularly in the Arctic. The ACE spacecraft is in a lowEarth circular orbit at 650 km altitude, with an inclination angle of 74°, providing up to 15 sunrise and 15 sunset solar occultations per day. The ACE orbit was chosen to optimize occultation opportunities over the tropics, midlatitudes, and polar regions with an annually repeating pattern, and with a sampling frequency which is largest over the polar regions.
[20] ACE-FTS records spectra between 750 and 4400 cm
at high resolution (0.02 cm −1 ). Vertical profiles are calculated as a function of geometric altitude and on pressure surfaces, while temperature and volume mixing ratio (VMR) are retrieved for over 30 different trace gases. A nonlinear least squares global fitting technique is used to analyze selected microwindows. Temperature and pressure are first retrieved by analyzing CO 2 lines in the spectra, then VMR profiles are determined in a similar manner by fixing the temperature and pressure. A more detailed description of the ACE-FTS retrievals is given by Boone et al. [2005] . Table 2 lists the microwindows used for retrievals of all ACE-FTS NO y species and their corresponding altitude ranges. Above the retrieval range, the initial guess profile (a priori) is scaled based on the values retrieved at the two highest points [Boone et al., 2005] . The initial guess values used are based on results from the ATMOS mission.
[21] ACE-FTS scans every 2 s, where the vertical resolution of the measurements is limited to typically 3-4 km, a consequence of the instrument's field-of-view, which is circular with a diameter of 1.25 mrad. The altitude coverage of the measurements extends from the cloud tops up to 150 km, depending on the observed atmospheric gas. From the retrieval grid, VMRs are interpolated onto a separate 1 km grid. ACE-FTS can measure profiles of six NO y species: NO, NO 2 , N 2 O 5 , HNO 3 , ClONO 2 , and HNO 4 . All but the last are part of the 14 primary target species for the ACE mission, while HNO 4 is a research product. NO 3 and BrONO 2 are the [Kerzenmacher et al., 2008; Wolff et al., 2008; Strong et al., 2008] . ACE-FTS version 2.2 NO and NO 2 were assessed by Kerzenmacher et al. [2008] using space, balloon, and ground-based measurements. They concluded that the ACE-FTS NO 2 VMRs are generally consistent with other satellite data within ∼20% between 20 and 40 km, with a negative bias of about −10% between 23 and 40 km. In comparison with HALOE, ACE-FTS NO VMRs agree better than ±8% from 22 to 64 km and about +10% from 93 to 105 km. ACE-FTS measurements of the reservoir gases HNO 3 , ClONO 2 , and N 2 O 5 were assessed by Wolff et al. [2008] . The relative differences between ACE-FTS HNO 3 profiles coincident with MIPAS and MLS measurements lie within ±10% from 10 to 36 km. Overall, between 18 and 35 km, the mean relative differences of HNO 3 are better than ±20%, except for aircraft and balloon high-latitude winter comparisons, which show systematic differences to be between 20 and 30%. The relative differences between ACE-FTS and MIPAS N 2 O 5 are −10% for daytime and −27% for nighttime [Wolff et al., 2008] . Good agreement between ACE-FTS and MIPAS ClONO 2 is seen in the mean absolute differences, which are typically within ±0.01 ppbv and are not larger than −0.04 ppbv (±1%) between 16 and 27 km. here differ in that we include the scaled initial guess values, which are used where no actual measurement is made in a given occultation. An explanation as to why we include these values will be given later.
[24] The climatologies use a zonal average grid representing pressure as a function of latitude. We use 33 pressure surfaces, 31 of which are defined by the Chemistry Climate Model validation (CCMVal) project [Eyring et al., 2010] , covering ∼15 to ∼70 km: 1000, 850, 700, 500, 400, 300, 250, 200, 170, 150, 130, 115, 100, 90, 80, 70, 50, 30, 20, 15, 10, 7, 5, 3, 2, 1.5, 1, 0.7, 0.5, 0.3, 0.2, 0.15, 0 .1 hPa (note: 0.7 and 0.15 hPa are the two pressures not defined by CCMVal). Although the pressure grid extends to 1000 hPa, one should note that there are no ACE observations made below 300 hPa. 36 latitudinal grid bins run in 5°intervals from −90°S to 90°N (e.g., the 90°S to 85°S interval is labeled as 87.5°S). In total, a grid size of 36 × 33 is produced for a given month.
[25] Observations acquired between February 2004 and February 2009 for each species are independently filtered on a monthly basis into the described grid bins. Since the profiles of NO, NO 2 , and N 2 O 5 exhibit strong diurnal variation, sunset and sunrise measurements should not be averaged together. Hence, further filtering is needed to separate observations such that they share similar temporal properties. This is achieved by calculating the local solar time (LST) for each occultation by using the corresponding longitude (l, ranging from −180°to +180°) and the universal time (UT) in hours for the reference tangent point,
[26] This equation gives LST relative to UT by adding or subtracting 24 h (to obtain values less than zero or greater than 24) to the stated UT. ACE occultations are labeled as sunrise and sunset as seen from orbit, but may not be local sunrise or sunset at the measurement location except in the tropics. This is to do with the occultation geometry of the ACE satellite. Figure 3 shows a summary of the ACE sunrise and sunset occultations and corresponding local times over 12 months. As the ACE orbit is repetitive, this plot is approximately the same annually. In this paper, we refer to measurements before local noon as local sunrise (we use AM) and after local noon as local sunset (we use PM). Ultimately, this means that we produce two separate climatologies for each species: one containing only AM observations and one containing only PM observations.
[27] While binning measurements, they are also subjected to several filtering criteria. The first is that there are various spectra that are known to have ambiguities, hence these are disregarded. These "Do Not Use" (DNU) occultations are listed and available on the ACE website: https://databace. uwaterloo.ca/validation/data_issues.php. Any observation whose fitting uncertainty that is greater than 100% of the measurement value is ignored, while any measurement with a fitting uncertainty that is smaller than 0.01% of the measurement value is also ignored. This 1-sigma fitting uncertainty is the square root of the diagonal element of the covariance matrix obtained in the retrieval process [Boone et al., 2005] . In addition, negative values are not systematically removed from the data set as they can result from the retrieval when there is noise in the measurements when the VMR of a particular species is low. Removing them would introduce an erroneous high bias in the data.
[28] As a climatology is the most probable state of the atmosphere for a given location and time, it is important to remove those data points which are considered nonrepresentative of the most probable state of the atmosphere for a given location. In order to do this we follow the method used by Jones et al. (submitted manuscript, 2011) , who utilize the median absolute deviation (MAD), a robust statistical technique used to remove outliers from a sample
MAD is calculated by finding the median of the absolute deviation between measurements x i and the median, M, of a data set, size n. This method is preferred to that of a standard deviation as the MAD is less affected by extreme values. A standard deviation is dependent upon the square of the distance from the mean value; hence large deviations are heavily weighted. As can be seen from equation (8), the distance is less of an issue using the MAD when considering a small number of outliers. In order to remove nonrepresentative data, we use three MADs, which is approximately equivalent to two standard deviations (i.e., ∼95% of the total population). This means that in a perfect Gaussian distribution we should expect approximately 5% of the data to be removed (deemed nonrepresentative of the average climatological state). However, due to nature not always being totally random and also due to possible biases in the measurements themselves, it is typically the case that 5-10% of data are removed. Moreover, as we also include the scaled initial guess values, it means that these nonnatural data points will force the distribution to be less Gaussian, hence the percentage of data disregarded is typically larger, 5-20%. Although this may be the case, we still find there to be a sufficient number of data remaining to produce a climatology for each species. Scaled initial guess profiles are included as they allow for full altitude coverage to be obtained. If this is not done, gaps in the individual climatological fields from each species would limit the overall information available to produce the final NO* y climatology.
[29] Figure 4 illustrates an example of the MAD filtering on HNO 3 PM measurements for the 70°N-75°N latitude band for February. The measurements have been filtered into the relevant pressure bins, where the blue circles in Figure 4 are the retained values after undergoing filtering using three MADs, while the red stars are considered outliers, hence not a good representation of the most probable state. To help indicate this more clearly we have drawn the median profile (Figure 4 , solid black line) also accompanied by the three-MAD envelope (Figure 4, dashed lines) . N indicates the percentage of retained values, which in this case is approximately 90%, implying roughly 10% of the data from this latitude bin are disregarded.
[30] The monthly filtered data that remain are used to produce a zonal average. This is done by making a qualitycontrolled calculation such that each measurement is weighted by the inverse of its corresponding fitting uncertainty value. Thus values with large measurement uncertainties are weighted less than those with smaller measurement uncertainties. It should also be noted that the scaled initial guess values are only considered in the mean calculation for a given bin if it contains no measurement values. This allows us to obtain a climatology with full altitude coverage and it prevents contamination of the measurements with scaled initial guess values in the weighted average calculation. For this climatology, we have decided not to set a minimum number of measurements per bin that would otherwise determine if a zonal mean would be calculated. The ACE-FTS climatology, produced by Jones et al. (submitted manuscript, 2011) , used a minimum of five values for a zonal mean to be considered hence providing a level of statistical robustness. The reason for not including this in the NO* y climatology is simply because by setting a grid minimum threshold potentially creates a scenario where more gaps will occur in the NO* y climatology grid. This is primarily due to the differences in altitude coverage between the observed gases and that the NO* y climatology itself is dependent on a value from each of the six nitrogen species. Instead, we have used matrices (with the same dimensions as the climatology) for each of the six nitrogen species, providing the number of measurements used to calculate the NO* y value for a given bin. This can be used in conjunction with the NO* y climatology so as to ascertain a level of confidence in each individual NO* y bin value.
Construction of the NO* y Climatology
[31] In order to produce monthly NO* y climatologies, we first produce AM and PM climatologies of NO* y by adding algebraically the individual monthly climatological fields from the contributing species, as shown in equations (9) and (10). We find that NO* y_pm and NO* y_am climatological fields show almost identical characteristics in terms of VMRs and structure. In order to produce a final NO* y climatological field we simply find the average of the sum of the NO* y_am and NO* y_pm fields, as given in equation (11) 
where [ ] indicates the monthly mean of each species. In order to gain information about the magnitude of yearly variation on a monthly basis we can consider the 1 standard deviation of the data in each bin for each species. Furthermore, we can simply calculate the 1 standard deviation of a monthly NO* y climatology by following equations (12)- (14) NOy
NOy ¼ 1 4
Hence, s NOy_am is determined by calculating the square root of the sum of the squares of each 1 standard deviation value calculated in each grid bin for the NO* y AM climatological field. Thus, we combine the 1-sigma fields from each independent species to produce a 1-sigma field for NO* y AM (s NOy_am ) and PM (s NOy_pm ). Combining these two fields using equation (14) provides a 1 standard deviation field for the NO* y climatology (s NOy ).
Three Month NO* y Climatologies
[32] Combined three-monthly NO* y climatologies are also produced, namely, December-January-February (DJF), March-April-May (MAM), June-July-August (JJA), and September-October-November (SON). This is achieved by combining the measurements available in the monthly climatologies for each of the individual species. It should be noted that no extra MAD filtering is performed as each month is already in the best representative state. For a given 3 month period and a given nitrogen species, we take the individual prefiltered measurements from each pressure/ latitude bin, which were used for the calculation of the respective individual monthly climatologies, and merge them. As an example, for the NO 2 DJF climatology, we take the individual NO 2 measurements that were used to create the climatologies for December, January, and February and merge them into the respective bins. We then use quality control, where each measurement is weighted by the inverse of its corresponding fitting uncertainty value, to produce a zonal average from the merged measurements and their respective uncertainties. This is applied to all six nitrogen species, such that six individual trace gas climatologies will be produced for a given 3 month period. In order to produce a NO* y three-monthly combined climatological field we then simply follow equations (9)-(11). We also make climatologies that consider AM, PM, and combined AM + PM measurements.
Results

Individual Species Comparison
[33] In order to illustrate the full extent of the data utilized, Figure 5 presents all postfiltered VMR profiles and scaled initial guess values for each individual NO* y species measured between February 2004 and February 2009, for all latitudes, all months and all times (i.e., both AM and PM local solar times). The black solid line indicates the median and the dashed line is the mean of all profiles shown. The dash-dotted lines indicate the 1 standard deviation of all the profiles. NO is plotted on a logarithmic scale because its VMR varies from 0.01 to 1000 ppbv for the full altitude range, but this also means that negative VMRs are not seen in this plot. Maximum NO VMRs are found typically between 0.1 and 1 hPa, while the break in the median and mean profile lines is due to the negative values. NO 2 has maximum VMRs of approximately 8 ppbv, typically distributed between 2 and 30 hPa. Maximum HNO 3 VMRs of about 15 ppbv are mainly distributed between 10 and 70 hPa. N 2 O 5 has maximum VMRs of about 4 ppbv, distributed between 1 and 20 hPa. VMRs of ClONO 2 are much smaller compared to NO and NO 2 , with VMRs generally less than 2.5 ppbv. Both the median and mean profiles show consis- tency and it can be seen that the maximum VMR is found around 20-30 hPa, of 1 ppbv. Maximum ClONO 2 values are typically 2.5 ppbv around this same altitude region. HNO 4 is a research product, and is difficult to measure because its VMR is so small (much less than 1 ppbv). Consequently, measured VMRs are noisy, yielding both negative and positive values throughout most of the stratosphere. However, mean and median profiles show that predominantly positive values are present with a maximum peak around 20 hPa.
[34] The fitting uncertainties corresponding to the ACE-FTS measurements from Figure 5 are shown in Figure 6 . These fitting errors are for the measurements only, as all scaled initial guess values have no uncertainties given and are thus ignored in Figure 6 . The fitting error is large for HNO 3 and ClONO 2 in the upper troposphere/lower stratosphere because concentrations of both these species are small and are thus difficult to measure. A similar scenario is seen for HNO 4 , which has the largest fitting error (if one considers relative units, not shown but easily calculated) at all measurable altitudes as a result of its small VMR.
[35] Before producing the NO* y climatology, it is also interesting to examine the median NO* y VMR profiles within given latitude bands. The median AM and PM profiles of the six NO y species in five defined latitude bands: 60°N-90°N, 30°N-60°N, 30°N-30°S, 30°S-60°S, and 60°S-90°S, are calculated from the data presented in Figure 5 and are presented in Figures 7a and 7b . It should be noted that in order to calculate these profiles, we have used the weighting quality control technique as described in section 4.1, while we also only consider scaled initial guess values at altitudes where measurements are not made. This latter point is shown in Figure 7 , where the scaled initial guess values are illustrated as dashed lines, while measurements are solid lines.
[36] Significant diurnal variation is seen for NO, NO 2 , and N 2 O 5 as expected. It can be seen from Figure 7a that the latitudinal variation of NO VMRs is relatively small, with the equatorial median profile showing the largest difference between 1 and 10 hPa. In general, the average PM NO 2 VMRs are greater than the average AM NO 2 VMRs at all latitudes apart from the poles. For example, during PM, NO 2 VMRs in the tropics are greater than 7 ppbv, while the median AM NO 2 VMR is ∼4 ppbv. The variation of NO 2 is smaller between day and night at the poles, exemplified by the average profiles for both and AM and PM NO 2 VMRs being ∼4 ppbv. There is large latitudinal variation between the tropics and poles for HNO 3 , with maximum VMRs of typically 7-9 ppbv between 20 and 50 hPa seen at polar latitudes. For N 2 O 5 in Figure 7b , median AM VMRs are much larger than the median PM N 2 O 5 VMRs at all latitudes, where the largest difference of about 2.1 ppbv is seen in the tropics. Peak N 2 O 5 VMRs during PM are less than 1 ppbv at all latitudes. ClONO 2 shows little diurnal and geographical variation. Here, VMR maxima are in the vicinity of 0.7-1 ppbv, located close to 10 hPa. Diurnal and latitudinal variability for HNO 4 is moderate. The median AM VMRs are typically larger than 0.1 ppbv but less than 0.2 ppbv, while the median PM VMRs are greater than 0.05 ppbv but less than 0.15 ppbv.
[37] One feature that is apparent in both the ClONO 2 (AM) and HNO 4 (AM and PM) are the local minima seen for some latitude bins. While the ClONO 2 minima are believed to be related to the measurements themselves, we find the HNO 4 local minima to be associated with the scaled initial guess values, which have a tendency to be unrealistically large at altitudes where the measurements stop.
[38] Figure 8 illustrates the median NO* y profiles in the same five latitude bands by combining the individual profiles for AM and PM from Figures 7a and 7b. Visual inspection of this diurnal comparison reveals little variation between the same latitudes. The largest difference can be seen for the southern hemisphere polar bin, where AM maxima are ∼1 ppbv larger than during PM maxima. This may be due to differences in the AM and PM sampling of southern polar latitudes, which are heavily influenced by a large degree of natural variability from EPP and mesospheric descent. This is illustrated by the 1 standard deviation of the NO* y VMR for this latitude band that shows AM to have a larger variation in the upper stratosphere compared to PM. Comparison of the latitudinal bins shows that peak tropical NO* y VMRs are situated typically higher in the stratosphere in comparison to the midlatitudes and polar regions, which is a result of strong vertical transport of N 2 O in the tropics, where it is oxidized at these higher altitudes. A more quasi-horizontal transport is experienced in the extratropics where upwelling is weaker compared to the tropics and thus N 2 O oxidation occurs lower in the stratosphere.
NO* y Monthly Climatologies
[39] Figure 9 illustrates the NO* y monthly climatological fields calculated using the method described in section 4. The quality-controlled zonally averaged data are shown, for each month in each grid bin, represented by pressure as a function of five degrees latitude. Missing data are where ACE-FTS does not make a measurement.
[40] Peak NO* y VMRs are at higher altitudes in the tropics (typically above 10 hPa) compared to the midlatitudes and poles (typically 10 to 80 hPa). In the tropics, maximum VMRs of NO* y are generally between 16 and 20 ppbv. It can also be seen that the polar winter/spring contains less NO* y . This asymmetry is because the polar vortex, which forms during the winter, is diluted with NO y -depleted air that descends from the upper stratosphere due to the BrewerDobson circulation. There is also strong evidence during August and September that large denitrification processes are involved in the removal of NO y from the southern hemisphere polar vortex. Denitrification occurs during the southern hemisphere winter below ∼20 hPa, involving heterogeneous chemistry on PSC particles. Finally, some months exhibit large NO* y VMRs near the stratopause during autumn/winter. This results both from year-to-year variation in production of NO x by EPP and from variation in descent of this NO x to the middle stratosphere [Randall et al., 2007 [Randall et al., , 2009 .
[41] Figure 10 shows the 1 standard deviation (given in percent) of the zonally averaged data, which is calculated from equations (12)- (14). Much of the middle stratosphere has a 1-sigma value of less than 10%, especially around the tropics. However, at the higher latitudes, during winter/ spring months, larger 1-sigma values of ∼20-30% are exhibited. This is probably due to strong mixing of NO y -rich lower stratospheric air with NO y -depleted air, which descends from the upper stratosphere. Most latitudes in the upper stratosphere/lower mesosphere exhibit variations of larger than 20%, while in the winter polar stratopause region, 1-sigma values are typically greater than 40%. This is a consequence of NO x -rich air descending from the upper mesosphere, produced largely from EPP activity, although there is a degree of natural variation as EPP alone does not repeat on an annual basis. There appears to be little evidence for a strong seasonal variation apart from at the southern polar vortex where denitrification takes place, yielding 1-sigma values typically greater than 40%.
Three Month NO* y Climatologies
[42] Figure 11 exhibits the four 3 month climatologies: DJF, MAM, JJA, and SON. As these 3 month fields are a combination of monthly data, a more complete geographical representation can be achieved. Here, many of the features discussed in section 5.1 can be clearly seen in the seasonal fields, for example, denitrification in the southern polar winter vortex and EPP at the winter polar stratopause. Due to the SCISAT-1 satellite's repeating annual orbit, only certain latitudes will be sampled for any given month. Consequently, a given bin may have data from only 1 month, while another adjacent bin may have data from 2 or 3 months. This can produce sharp gradients at a given latitude. An example of this can be seen during SON at 70°S where the VMRs changes suddenly from 12 to 16 ppbv (north of 70°S) to 6-10 ppbv (90°S-60°S). By examination of Figure 9 it can be seen that south of 70°S, data is only contributed from the month of September, while for 50°S-70°S, data comes from September and November. It is thus advised that for any comparison to these NO* y seasonal climatologies, the individual monthly fields be first checked to ascertain the monthly coverage. This information can be found in the suite of data provided in the NO* y data products.
Discussion
[43] In this section, we validate the NO* y climatologies by making comparisons to Odin + photochemical box model NO y climatology produced by Brohede et al. [2008] and to ATMOS data.
Comparison With Odin and a Photochemical Box Model
[44] First, we compare the ACE-FTS monthly NO* y climatologies with the NO y climatological data set produced by Brohede et al. [2008] . This data set comprises Odin OSIRIS NO 2 and Odin SMR HNO 3 combined with synthesized NO, NO 2 , 2 × N 2 O 5 , ClONO 2 , and HNO 3 mixing ratios using a photochemical box model for January 2002 to December 2006. This provides almost two years of temporal overlap between the Odin and ACE data. The geographical coverage is also good for certain months. The Odin NO y climatology is produced on a similar latitude grid: 5°degree latitude bands from 85°S to 85°N and altitudes typically from 20 to 40 km at high latitudes and 22-42 km toward the tropics.
[45] Figures 12 and 13 show comparisons for February and September, respectively. These two representative months are chosen as they have similar spatial coverage, thus allowing for a better comparison. However, the systematic differences for all other months are of similar magnitudes and are not shown here. Figures 12a, 12b, 13a , and 13b compare Odin and ACE-FTS NO* y climatologies. It can be seen that where there is exact geographical coverage there is good agreement with respect to structure as well as similar peak mixing ratio magnitudes. In Figure 13 , both ACE-FTS and Odin show evidence of denitrification in the southern hemisphere polar vortex. However, there is more denitrification in the ACE measurements compared to Odin, which may be a consequence of there being no heterogeneous chemistry or PSCs in the box model calculations. Figures 12c  and 13c and Figures 12d and 13d show the absolute (ACEOdin) and relative difference ((ACE -Odin) / ACE), respectively. We have interpolated the Odin data to the ACE-FTS pressure surfaces. We see that the absolute differences are typically better than 2 ppbv, which in terms of relative difference is better than 20%.
Comparison With ATMOS NO y Data
[46] ATMOS was the first space-based instrument to measure NO y species using solar occultation. It used a Fourier transform spectrometer to observe solar absorption between 600 and 4800 cm −1 , with a spectral resolution of 0.01 cm −1 Figure 11 . Three month NO* y climatological fields: December-January-February (DJF), March-AprilMay (MAM), June-July-August (JJA), September-October-November (SON). Values are given in ppbv.
[ Gunson et al., 1996] . The ATMOS NO y climatology was compiled by adding atmospheric measurements of NO, NO 2 , HNO 3 , ClONO 2 , and N 2 O 5 from four satellite missions spanning 11 years (1985, 1992, 1993, and 1994) [Irion et al., 2002] . Here we compare ACE-FTS NO* y to ATMOS NO y version 3.0 profiles. Due to the estimated 2.6% per decade increase in N 2 O [Forster et al., 2007] , then over last 15 plus years, it could be reasonable to expect differences of up to 3-6% between the ATMOS and ACE-FTS climatologies. A similar comparison was carried out by Brohede et al. [2008] , which showed a good level of consistency with the ATMOS climatology. Due to the limited ACE and ATMOS orbital coverage, we find only a few overlapping latitudes between missions. Here, we create a mean ATMOS NO y profile calculated over 60°S-70°S (November), 40°S-50°S (March), and 15°N-35°N (April). Similarly, we calculate the mean ACE-FTS NO* y and Odin + box model (for reference) NO y profiles combining the representative zonally averaged binned data for the three separate month-latitude bins. It should be noted that we interpolate the ATMOS and Odin data to the same pressure grid as used for ACE-FTS.
[47] Figure 14 presents the ACE-FTS, ATMOS, and Odin + box model climatological profiles for the three separate cases. The vertical dashed lines are the 1 standard deviations calculated from the spread of the measurements at each altitude. The agreement between the three instruments for each individual case shown is very good, where binned profiles show similar vertical features. Pronounced differences are seen in the 60°S-70°S bin at the lowest altitudes, where ACE-FTS is lower than ATMOS by ∼3 ppbv close to 80 hPa, while the ATMOS profile shows some oscillating behavior around this altitude. Additionally, above 8 hPa in the 15°N-35°N bin, ACE-FTS is 5 ppbv lower than ATMOS. This former result could possibly be due to the presence of the winter polar vortex, which although it typically breaks up during the latter part of November, may have left a signature in the ATMOS data, as the individual yearly November ATMOS measurements are typically made no later than November 12. Further analysis would be needed in order to separate profiles that are considered to be inside and outside of the vortex. The 1-sigma values for ATMOS and ACE-FTS are of similar magnitudes (generally <2.5 ppbv) for most altitudes. Odin variability is of a larger magnitude (∼4 ppbv) at most altitudes outside the tropics, and largest in the tropics where 1-sigma values are >5 ppbv. Overall, the absolute differences between overlapping data sets are generally within the 1-sigma variability of each data set, hence the differences here can be considered statistically insignificant. We also considered the contribution from the scaled initial guess values to these differences. For the 60°S-70°S bin, the observed difference cannot be attributed to using scaled initial guess values since the ACE-FTS NO* y at these altitudes is constructed entirely from measurements. The use of these scaled initial guess values could contribute to some of the difference found in the 15°N-35°N bin. However, these contribute less than 10-15% of the NO* y at these pressure levels.
Conclusion
[48] We have calculated a NO* y zonal average climatology data product using version 2.2 data (plus updates for N 2 O 5 ) from the ACE-FTS instrument. Vertical profiles of six atmospheric nitrogen species were used: NO, NO 2 , HNO 3 , ClONO 2 , 2 × N 2 O 5 , and HNO 4 . The first five of these species were validated products and are five of the 14 baseline species observed by ACE-FTS, while HNO 4 is a research product only. Measurements included in this NO* y product run from February 2004 until February 2009. Individual measurements were first binned into 5°latitude bands, while also separated into 33 pressure bins. Binned data are then subjected to a three-MAD statistical filtering in order to remove measurements that are considered unrepresentative of the most probable state of the atmosphere for a given latitude band and altitude (i.e., outliers). Quality-controlled zonal means are produced, where each contributing measurement was weighted by the inverse of its corresponding fitting uncertainty value.
[49] ACE-FTS NO* y climatological peak VMRs typically range between 15 and 20 ppbv and are situated around 10 hPa in the midlatitudes, while are slightly higher in the tropics, at approximately 3 hPa. Strong denitrification is seen during the southern hemisphere winter season at polar latitudes as a result of the strong polar winter jet. The resulting cold temperatures inside the vortex enable the formation of PSCs, on which heterogeneous chemistry can take place, ultimately removing gas phase nitrogen from the stratosphere.
[50] Comparison of the ACE-FTS NO* y climatological data set has been made to a NO y proxy derived from the combination of Odin OSIRIS and SMR measurements (2002) (2003) (2004) (2005) (2006) of NO 2 and HNO 3 respectively, with synthesized data provided from a photochemical box model. Agreement between the two climatologies shows systematic differences to be typically less than 20% (2 ppbv) for much of the overlapping coverage (temporally and spatially). ACE-FTS NO* y values tend to show more denitrification during the southern hemisphere winter in the polar vortex. This is thought to be related to the fact that the photochemical box model used in the Odin climatology does not include heterogeneous chemistry and PSCs, rendering possibly larger NO y VMRs. Comparison to mean ATMOS NO y profiles for three different month-latitude bins shows good agreement with the ACE-FTS (typically better than 3 ppbv) average climatological profiles for these bins.
[51] The ACE-FTS NO* y climatological data set is freely available via the ACE website: http://www.ace.uwaterloo. ca/.
